variables found in mountainous landscapes provide an excellent opportunity to evaluate the effects of 76 environmental heterogeneity on the magnitude, composition, and timing of reciprocal subsidies. In this 77 paper we synthesize data from previously published work and ongoing projects to formulate a 78 conceptual model describing the effects of elevation and introduced trout on cross-ecosystem subsidies 79 between lakes and surrounding catchments in the mountains of California. Our main goal is to assess 80 how catchment and community context influence the role of lakes as hotspots of carbon and nutrient 81 processing and sources of prey in landscapes. 82 D r a f t 6 Nevada and Klamath ranges contain thousands of comparatively small (median size is approximately 2 89 ha), naturally-formed lakes, nearly all of which are glacial in origin and occur at elevations between 1500 90 and 3500 m. Mountain lakes tend to be oligotrophic and clear-watered, which makes them highly 91 sensitive to even small changes in terrestrial inputs of nutrients or organic matter. Aquatic macrophytes 92 are relatively uncommon (with the exception of sedges in shallow littoral zones), so the base of the 93 aquatic food web is represented mostly by autotrophic and heterotrophic micro-organisms (both 94 benthic and pelagic). Perhaps most importantly from the standpoint of developing a conceptual 95 understanding of reciprocal lake-land resource subsidies, California mountain lakes and their 96 surrounding catchments are characterized by strong elevation gradients that regulate a number of 97 ecologically important abiotic and biotic factors (Fig. 1) . These include elevational gradients in 98 temperature, terrestrial vegetation cover, and soil development. Elevation and catchment 99 characteristics can broadly be used to classify lakes as high-or low-elevation, with tree-line (2000 -100 2900 m depending on latitude) as a good general delineation between the two. Low elevation lakes are 101 warmer and generally occur in catchments consisting of mixed coniferous forest with reasonably well-102 developed soils. In contrast, high-elevation alpine lakes are colder and typically exist in catchments 103 dominated by bare rock, with little vegetation or soil organic matter (Fig. 1) . Elevation also has 104 D r a f t Historically, natural fish barriers prevented fish from colonizing most California mountain lakes following 112 the most recent glaciation 10,000 years ago. Despite such natural barriers, the majority of lakes now 113 contain fish that were introduced within the last 120 years for recreational angling purposes (Knapp et 114 al. 2001a ). This creates a patchwork in which most lakes are now occupied by an introduced top 115 predator, while a smaller number exist in their naturally fishless state. Fish have dramatic effects on 116 aquatic communities in California mountain lakes, and these effects tend to be at least as important as 117 the effects of abiotic environmental variables, if not more so (Knapp et usually feature large areas of shrub or forest cover (Fig. 1B) . The general pattern of increased terrestrial 153 productivity at lower elevations is reflected in both the concentration and composition of DOM in lakes 154 and streams (Fig. 1D) . At Sierra-wide spatial scales, vegetation cover accounts for nearly half of the 155 variation found in DOC concentrations (Sadro et al. 2012 ). The effect is even more pronounced within 156 individual catchments, where increasing vegetation cover can account for up to 90% of the variation inD r a f t 9 production to terrestrial sources. Much of the unexplained variation in the concentration or composition 160 of DOM along elevation gradients can be attributed to the presence of specific habitat types. In 161 particular, wet meadow or peat soils, which occur across a broad elevation range, leach high 162 concentrations of terrestrial DOM into lakes (Sadro, unpublished data) . 163
164
In addition to the landscape characteristics described above, the flux of organic matter into aquatic 165 ecosystems in the Sierra will depend on hydrological factors that may also vary with elevation. There are 166 few watershed studies where fluxes are systematically measured along landscape gradients. We can, 167 however, estimate flux amounts using lake DOC concentrations, which are correlated with inlet stream 168 concentrations (Sadro, unpublished , are predicted to be at least three times higher. These 171 estimates are likely to under-represent fluxes at lower elevation sites, where precipitation is more likely 172 to fall as rain, which tends to mobilize more DOM than melting snow. Although particulate organic 173 matter is likely to be an important carbon source to lakes, at least seasonally, a lack of data from both 174 high and low elevation sites in the Sierra and patterns of mobilization that may be highly variable in time 175 restrict our ability to estimate fluxes. both potentially important pathways of organic matter flux to aquatic consumers. Given the strong 223 elevation-driven gradients in inorganic nitrogen availability, it is likely that low elevation lake food webs 224 will rely on remineralized terrestrial organic matter to a greater extent than high elevation lake food 225
webs. 226 227

Effects of organic matter and inorganic nutrient inputs to aquatic ecosystems 228
There is strong evidence that terrestrial organic matter and nutrient inputs exert functional control on 229 ecosystem energetics and community structure at the base of the food web in Sierran lakes. Although 230 widespread studies of lake metabolism are lacking, inferences regarding spatial patterns might be drawn 231 D r a f t 12 from seasonal variability. Phenological shifts in the importance of terrestrial inputs are evident in lake 232 metabolism studies conducted at Emerald Lake, a relatively high-elevation lake in the southern Sierra 233
Nevada. In a year with little non-winter precipitation, heterotrophy tended to occur early in the ice-free 234 season, when rates of primary production were low and the DOM pool was dominated by allochthonous 235 material; in contrast, the lake was autotrophic during the majority of the growing season, during which 236 rates of respiration tended to closely track rates of primary production (Sadro et al. 2011c (Sadro et al. , 2011b . 237
These changes in carbon source are reflected in phenological shifts in bacterioplankton community 238 composition --bacterioplankton communities in Emerald Lake closely tracked seasonal changes in DOM 239 source, suggesting temporal shifts in microbial community structure and lake metabolism are driven in 240 part by bacterioplankton adaptation to changes in DOM composition (Nelson 2009 ). Event-driven fluxes 241 of terrestrial organic matter can disrupt these seasonal patterns --terrestrial organic matter mobilized 242 by summer and autumn rain storms can be high enough to decouple bacterioplankton metabolism from 243 autotrophic production, ultimately causing a temporary shift in ecosystem metabolism toward 244 heterotrophy (Sadro and Melack 2012) . Assuming the majority of metabolic activity occurs during the 245 ice-free season, mean annual metabolic carbon fluxes in this high elevation lake were 0.7 g C m -2 d -1 246 gross primary production and 0.6 g C m -2 d -1 for respiration. As a result, net ecosystem production was a 247 slightly positive 0.09 g C m -2 d -1 and carbon cycling within the lake was in near equilibrium. 248
249
The interplay between internal rates of primary production and terrestrial loading of organic matter is 250 also evident at the landscape scale. Bacterioplankton abundance in Sierran lakes increases along 251 downstream flow paths ( in vegetation suggest terrestrial inputs of dissolved organic material subsidize microbial production to a 273 greater extent at low elevations than high elevations, contributing to larger carbon dioxide fluxes from 274 low elevation lakes. However, much remains to be learned regarding the magnitude and variation in 275 such fluxes, and the extent to which terrestrial carbon is incorporated into higher trophic levels. If 276 carbon is respired without being incorporated into microbial production, or if microbial production 277 simply cycles within the microbial loop without a pathway to higher trophic levels, terrestrial subsidies 278 of dissolved organic material may not make their way to higher trophic levels. 
Aquatic insects 364
The abundance and diversity of aquatic insect varies considerably with elevation in California mountain 365 lakes, with important implications for cross-system resource flows. Here, we focus on insects with 366 aquatic larvae and aerial/terrestrial adult stages, as the emergence of these aerial/terrestrial life stages 367 represents an important flow of resources from lakes to surrounding catchments. The diversity of these 368 biphasic aquatic insects (measured as the number of genera present) and the abundance of the most 369 common orders of these insects (Diptera, Ephemeroptera, Odonata, Trichoptera) are both reduced in 370 high elevation lakes (Fig. 1F, G an important role in determining the spatial extent of lake-to-land subsidies. For example, the ranid 437 frogs that dominate high elevation sites are highly aquatic throughout their lives, and post-metamorphic 438 animals tend to remain near lakes and other permanent water sources. In contrast, post-metamorphic 439 chorus frogs, toads, and salamanders spend much more time in temporary wetlands and other more 440 terrestrial habitats, and so are likely to be more widely distributed in mountain lake catchments. 441
Interestingly, those species that make extensive use off terrestrial habitats as adults may transport 442 terrestrial resources back to the aquatic habitat when they return to breed (Regester et al. 2005 ). In 443 summary, the distribution of aquatic insects and amphibians in the terrestrial environment surrounding 444
California mountain lakes decreases with increasing distance from shore as expected, and while the total 445 Here, we present a conceptual model that describes the effects of elevation and introduced trout on 487 D r a f t relative paucity of prey resources derived from the low-productivity terrestrial habitat. However, the 494 dominant amphibian and aquatic insect taxa at high elevation lakes are highly susceptible to predation 495 by introduced trout during their aquatic larval phases, allowing trout to effectively sever the flow of 496 resources out of the lake. Furthermore, the dominant amphibian taxon at high elevation lakes have 497 been devastated by an introduced pathogen, causing further reductions in the flow of resources out of 498 lakes. Thus, high elevation terrestrial ecosystems exert few controls on within-lake processes (beyond 499 the passive transport of atmospherically-derived nutrients), but within-lake processes exert important 500 controls on terrestrial consumers, as lakes represent a critical source of prey that can be co-opted by 501 introduced predators and pathogens. 502
503
In contrast to high elevation basins, the increased soil development, vegetation, and overall rates of 504 terrestrial productivity found in lower elevation catchments fuel greater terrestrial inputs of organic 505 matter to lakes and limit the availability of inorganic nitrogen. These inputs increase the relative 506 abundance of heterotrophic micro-organisms and tilt the lakes towards net heterotrophy. Both 507 autotrophic and heterotrophic production may fuel larval amphibians and insects, leading to the 508 possibility that low-quality terrestrial organic material is recycled to the terrestrial environment in the 509 form of high-quality prey resources. While the flow of aquatic prey resources out of the lake may be less 510 important to terrestrial consumers than at higher elevations due to the high abundance of terrestrially-511 derived resources, asynchrony between the availability of aquatic and terrestrial prey may mean that 512 aquatic prey are a key resource when terrestrial prey are less abundant (primarily at the beginning and 513 end of the snow-free season). The effects of introduced trout on the flow of resources out of the lake 514 are likely to be modulated by a combination of decreased susceptibility of amphibian and aquatic insect 515 prey, trophic complexity (e.g., trout remove larger-bodied predatory insects, which can have beneficial 516 effects on smaller-bodied insects), refuge availability, and increased inputs of insects from the terrestrial 517 D r a f t 24 environment. Thus, at lower elevations we expect terrestrial ecosystems to exert important controls on 518 within-lake processes and lakes to represent important hot spots for the remineralization of terrestrial 519 organic materials. However, the role of lakes in supporting terrestrial consumers may be reduced 520 compared to higher elevations. 521 522 While many of the patterns and processes synthesized in our conceptual model are well-supported by 523 data, a number of key questions remain unanswered: 1) How do introduced trout affect the way that 524 aquatic food webs respond to terrestrial subsidies? 2) How does elevation affect the way that terrestrial 525 food webs respond to aquatic subsidies? 3) How do the composition (e.g., insect infall vs. detritus, 526 emerging amphibians vs. aquatic insects) and timing (e.g., early season vs. late season) of reciprocal 527 subsidies influence the response in the recipient aquatic or terrestrial ecosystems? Recent advances in 528 the use of deuterium and radiocarbon isotopic tracers, compound-specific isotopic analysis of 529 consumers, and lipid biomarkers are facilitating more detailed studies of the flow of allochthonous and 530 autochthonous material in aquatic and terrestrial food webs. The application of these techniques has 531 the potential to shed light onto some of these unanswered questions. 532
533
In summary, we used data from the mountains of California to develop a conceptual model exploring 534 regional variation in reciprocal linkages between lakes and surrounding terrestrial habitats. Our model 535
suggests that the relative importance of subsidies within the landscape shifts along an elevational 536 gradient, with terrestrial subsidies playing a key role in structuring aquatic food webs at lower elevations 537 and aquatic subsidies playing a key role in structuring terrestrial food webs at higher elevations. C.
B.
A. 
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